Abstract Expanding populations oVer an opportunity to uncover the processes driving spatial variation in distribution and abundance. Individual settlement decisions will be inXuenced by the availability and relative quality of patches, and by how these respond to changes in conspeciWc density. For example, conspeciWc presence can alter patch suitability through reductions in resource availability or territorial exclusion, leading to buVer eVect patterns of disproportionate population expansion into poorer quality areas. However, conspeciWc presence can also enhance patch suitability through Allee eVect processes, such as transmission of information about resources or improved predator detection and deterrence. Here, we explore the factors underlying the settlement pattern of a growing population of Montagu's harriers (Circus pygargus) in Spain. The population increased exponentially between 1981 and 2001, but stabilised between 2001 and 2004. This population increase occurred alongside a remarkable spatial expansion, with novel site use occurring prior to maximum densities in occupied sites being reached. However, no temporal trends in fecundity were observed and, within sites, average fecundity did not decline with increasing density. Across the population, variance in productivity did increase with population size, suggesting a complex pattern of density-dependent costs and beneWts. We suggest that both Allee and buVer eVects are operating in this system, with the beneWts of conspeciWc presence counteracting density-dependent declines in resource availability or quality.
Introduction
When choosing a site to settle, individuals need to consider both the quality of the sites available (in terms of environmental conditions, resource availability, the presence of predators and parasites, etc.) and the presence of conspeciWcs (Sutherland 1996; Newton 1998) . The presence of conspeciWcs may either decrease or enhance the appeal of a site, with territorial species and colonial species occupying the extremes of this continuum (Stephens and Sutherland 1999) . Thus, in a growing population, the pattern of settlement or patch colonisation and occupancy can be understood, reconstructed and predicted on the basis of these two factors: (1) if the suitability of a patch decreases with every new individual added to the patch, and individuals can choose to settle in any patch, then newcomers will prefer to settle in the most suitable patch at the time they arrive (with suitability being a function of site quality and the number of conspeciWcs already settled there); (2) if patches diVer in quality and individuals arriving earlier prevent others from settling in the patch they occupy, then sites will be Wlled sequentially in order of decreasing quality; and (3) if individuals beneWt from the presence of conspeciWcs, then the suitability of a patch changes with both the number of conspeciWcs and patch quality in a non-linear fashion; in such a scenario there is an optimal density at intermediate population sizes and, hence, individuals will prefer to settle in sites where, with their presence, density will be as close to optimal as possible.
In these three scenarios, when population size increases, rates of increase are expected to be greater in poor-quality than in good-quality sites. This phenomenon is known as the buVer eVect (Brown 1969; Rosenzweig 1991; Sutherland 1996; Rodenhouse et al. 1997; Gill et al. 2001; Sutherland and Norris 2002) . BuVer eVects occur because while at low population sizes most animals occupy better-quality sites, when population density increases, an increasing proportion of the population is displaced into poorer-quality sites. The buVer eVect is ecologically important because it describes the process underlying density-dependent changes in fecundity and mortality, and hence provides an insight into the mechanisms regulating population growth and abundance (Gill et al. 2001) . It has been demonstrated in a wide range of taxa, illustrating a widespread link between increasing population density, distribution patterns across a habitat-quality gradient, and demography in animals (e.g. Krebs 1970; Halama and Dueser 1994; Ferrer and Donázar 1996; Rodenhouse et al. 1997; Fernández et al. 1998; Gill et al. 2001; Krüger and Lindström 2001; Sergio and Newton 2003; Kokko et al. 2004; Gunnarsson et al. 2005) . Furthermore, buVer eVects can be a major process inXuencing large-scale population regulation of migratory species (Gill et al. 2001; Gunnarsson et al. 2005) .
BuVer eVects can arise as a consequence of depletion driving individuals to exploit an increasing range of patches, or by competitive exclusion through interference or territoriality (Sutherland 1996) . In such systems, individuals should seek to minimise the exploitation of resources by conspeciWcs. However, in colonial species, increasing colony size can provide advantages including transmission of information about food, earlier predator detection and higher defence eYciency (e.g. Wiklund and Andersson 1994; Arroyo et al. 2001; Serrano et al. 2005) , all of which increases individual Wtness. This kind of positive relationship between a component of individual Wtness and either numbers or densities of conspeciWcs constitutes what is usually called an Allee eVect (Allee et al. 1949; Sutherland 1996; Stephens and Sutherland 1999) . Indeed, animal aggregations resulting from the beneWts of conspeciWc presence are a direct product of the Allee eVect (Stephens and Sutherland 1999) . The Allee eVect is thus a major driving force behind animal sociality, and the degree of sociality of a species might reXect the degree of severity of the Allee eVects to which it is subject. Consequently, the spatial distribution of a species is, to a large degree, determined by the relative strength of buVer and Allee eVects, which can in turn impact on many other aspects of the species' ecology (Stephens and Sutherland 1999) . Therefore, when attempting to reconstruct the pattern of patch occupancy of a growing population, both the costs and beneWts of conspeciWc presence should be considered.
Behavioural models can be used to deduce the behavioural decisions shaping patterns of patch occupancy and individual settlement and, thus, the kind of biological interactions (e.g. competition, cooperation, etc.) that regulate population expansions. These interactions produce diVerent patterns of occupancy and settlement (Sutherland 1996; Newton 1998) , and the relative importance of diVerent types of interaction can be informed by observations of individual mortality and fecundity (Ferrer and Donázar 1996; Krüger and Lindström 2001; Sergio and Newton 2003) . The eVects of these interactions on fecundity and mortality can be modelled on the basis of three alternative behavioural models: the ideal free distribution, the ideal despotic distribution, and modiWcations of the ideal free distribution that take into account Allee eVects (Sutherland 1996; Stephens and Sutherland 1999) . As a population increases, density-dependent declines in Wtness can arise from an increase in interference that leads to a relatively uniform decrease in site suitability (Ferrer and Donázar 1996; Rodenhouse et al. 1997; Fernández et al. 1998; Newton 1998; Krüger and Lindström 2001) . This is independent of diVerences in site quality and will operate both in homogeneous and heterogeneous landscapes (in terms of site quality). In a heterogeneous landscape, the spatial distribution of individuals will resemble that described by the ideal free distribution, with animals locating themselves in those patches where the number of competing conspeciWcs and the quality of the site will provide the highest proWt. In territorial species, and when a gradient in site quality exists, density-dependent Wtness declines may result from individuals competing for better sites (Ferrer and Donázar 1996; Rodenhouse et al. 1997; Fernández et al. 1998; Newton 1998; Krüger and Lindström 2001; Kokko et al. 2004) . In this case, individual behaviour is better described by the ideal despotic distribution (Sergio and Newton 2003; Kokko et al. 2004) . The presence of newcomers does not decrease the suitability of the sites already occupied by the Wrst ones to arrive or those that manage to secure high-quality sites for themselves through agonistic interactions. However, those that arrive later, or are unable to defend good sites, have to tolerate worse conditions. Hence, unlike the interference scenario, the average reward does diVer between sites. Finally, in colonial species, where individuals beneWt from the presence of conspeciWcs, reduced Wtness is expected at low population sizes or densities. However, when population size increases, so will individual Wtness increase, up to a point at which density-dependent competition counteracts the positive eVects of density, and individual Wtness starts to decline, as described by the Allee eVect.
Here we evaluate whether the factors underlying the behavioural decisions and the settlement pattern of a growing population of Montagu's harriers (Circus pygargus) in Spain can be deduced from predictions about fecundity and density derived from these models. We predict that, at both the whole population level and at the level of the discrete breeding colonies that comprise the population, fecundity is expected to have decreased if competition with conspeciWcs has driven patch colonisation in the area. However, if territoriality rather than interference operated, then large diVerences in reproductive output are expected among pairs, with diVerences increasing with population size, as the best territories are expected to be occupied Wrst (Brown 1969; Ferrer and Donázar 1996) . By contrast, if reproductive output is increased when several pairs breed together, then, at the colony level, a non-linear relationship between density and reproductive parameters is expected, with fecundity remaining high and relatively stable at intermediate densities (Sutherland 1996; Stephens and Sutherland 1999) . Above such optimal density (i.e., the density at which the number of oVspring produced on average by an individual, R 0 , is maximum), negative density-dependent eVects would decrease individual Wtness. Below it, decreased protection from a smaller colony would also decrease Wtness. In terms of patch colonisation, if competition was the main driving force, then the number of pairs in a patch is not expected to have increased until most of the suitable patches in the study area were colonised. Therefore, the population is expected to have undergone a geographical expansion, but density in each patch is expected to have remained low. In contrast, if breeding harriers beneWt from the presence of conspeciWcs, then birds are not expected to have colonised unoccupied patches until densities in the occupied ones have increased to levels where fecundity starts to decline.
Thus, while the population is expected to have expanded geographically, a sequential colonisation of patches is expected, with many suitable patches not yet colonised, and densities in occupied ones having increased signiWcantly during the population growth, and then stabilised. Such densities are expected to vary depending on patch quality.
After a 20-year-long increase, the population we studied has remained stable for the last 4 years at a size well below the carrying capacity estimated for the area it occupies (Limiñana et al. 2006 ). Thus, we also explore whether birds behavioural decisions can explain the stabilisation in population size.
Materials and methods

The species
The Montagu's harrier is a medium-sized migratory raptor. Birds breeding in Europe arrive from sub-Saharan Africa in early April (Clarke 1996) . The species is considered monogamous although polygamy (both polygyny and polyandry) has occasionally been recorded (Cramp and Simmons 1980; Underhill-Day 1990; Arroyo 1996) . In our study area, polygamy has not been recorded; hence, each nest found is related to a monogamous pair. First breeding occurs generally in the third calendar year in females and in the fourth in males (Studinka 1941; Cramp and Simmons 1980; Arroyo et al. 2004 ). Clutch size is typically 3 or 4 eggs, range 1-10 (Cramp and Simmons 1980; Arroyo et al. 2004) . Mean productivity ranges from 1.40 to 2.75 Xedglings per pair (PandolW and Giacchini 1991; Arroyo 1995; Castaño 1997; Corbacho et al. 1997; Koks et al. 2001; Limiñana et al. 2006; see Arroyo et al. 2004 for a review).
Although it is a semi-colonial species (Clarke 1996), some pairs breed solitarily. Arroyo (1995) found that most pairs in Madrid (Spain) nested in colonies. In other European regions, more than 55% of the populations breed in colonies (Clarke 1996) . Despite Montagu´s harriers being non-territorial (PandolW and Pino d'Astore 1992), conspeciWc aggression occurs, especially between males, and increases with colony size (Arroyo 1995) . Individuals generally hunt far from nests (Cramp and Simmons 1980; Clarke 1996; Guixé 2002) , and the main prey are insects, small passerines and mammals, and lizards, but they may also feed on lagomorphs (Schipper 1973; Hiraldo et al. 1975; Corbacho et al. 1995; Arroyo 1997; Sánchez and Calvo 1998) . Across Europe, most populations breed in cereal crops, with some breeding in natural vegetation. In general, productivity is higher in natural habitats than in cereal crops (Arroyo et al. 2004; Limiñana et al. 2006) . About 5,000 pairs breed in Spain (García and Arroyo 2003) , with 90% of them breeding in cereal crops (Ferrero 1995) .
Study area
This study was conducted in inland Castellon province (Valencia, north-eastern Spain; Fig. 1 ). Although Montagu's harriers have been found breeding in coastal Castellon for decades, they were Wrst recorded breeding in inland Castellon in 1979 (about 20 km from the coastal population). Since 1981 the population has experienced a massive increase from the 3 pairs originally recorded, to the current breeding population that oscillates around 98 pairs (Limiñana et al. 2006) . In inland Castellon, Montagu's harriers use sclerophyllous Mediterranean shrublands for nesting. The most abundant species are Kermes oak Quercus coccifera, gorse Ulex parviXorus and rosemary Rosmarinus oYcinalis, with dry crops (vine, olive, almond and cereals) interspersed (see Limiñana et al. 2006 for details). The productivity observed in this population is amongst the highest recorded for the species (Arroyo et al. 2004; Limiñana et al. 2006 ). In the early 1990s, a new breeding population settled in the neighbouring Tarragona province, Catalonia, about 50 km from the place where our population Wrst settled (Pomarol and BonWl 2001) .
Causes of the growth of this population are uncertain. Possible explanations include both changes in the breeding and the wintering grounds. No major environmental changes have been observed in our study area during the last 20 years. However, the area does support a rich supply of prey for the species, as well as appropriate habitat for nesting and low human pressure, which probably explains the massive population increase observed soon after the Wrst breeding pairs settled there (Limiñana et al. 2006) . Hence, although the reasons that lead to the settlement of the Wrst harriers in our study area are unclear (especially why they had not established there before), the reasons behind the population growth seem to be more evident: prey availability and good conditions for nesting. There is evidence of natal philopatry in Montagu's harriers (Clarke 1996) , and in our study area several individuals marked there as chicks have subsequently been seen breeding there as adults. Hence, once the Wrst individuals settled there, a positive feedback between the number of breeding pairs and the number of birds returning to breed may have contributed to the increased local abundance. Furthermore, analyses carried out elsewhere have shown that there is a positive relationship between the number of Xedglings produced in an area and the number of birds settling there in subsequent years (Arroyo et al. 2002) .
Data and statistical methods
The Montagu's harrier population in inland Castellon has been monitored by the Conselleria de Territorio y Vivienda of the Generalitat Valenciana during the last 25 years. Data on population size (i.e., number of pairs) are available since 1981, and data on breeding biology since 1989. Surveys covering an area of ca. 1,350 km 2 are conducted every year during the breeding season (April-July). The number of pairs in each district is recorded, and accessible nests (approximately half of all nests) are regularly visited to monitor breeding parameters (clutch size, brood size and productivity). See Limiñana et al. (2006) for details of the study area and surveys.
To estimate changes in the total area occupied by the population since 1981, for each year we calculated the minimum convex polygon encompassing all the monitored nests. The Nonlinear Estimation module within the package Statistica was used to compute the relationship between year and population size until 2001, when population size stabilised.
To test predictions of the ideal free and despotic distributions, temporal trends in fecundity for the whole population were explored using Spearman's correlations. For each variable, mean and coeYcient of variation (CV) were calculated. Variations in fecundity were evaluated using the CV to avoid biases associated with increasing sample sizes (e.g. Ferrer and Donázar 1996) . We also studied the relationship between density and fecundity in 4 of the 19 breeding colonies within our study area to test predictions based on the Allee eVect. We chose colonies for which colony size varied enough to test for trends (i.e., at least six diVerent colony sizes). The study area encompasses large expanses of unsuitable habitat for breeding harriers (although the suitable habitat constitutes the landscape matrix rather than patches within it), thus, following Limiñana (2004) , reproductive colonies were delimited on the basis of the presence of discrete areas of suitable habitat for breeding separated by unsuitable habitat including forests, dry croplands and human settlements. As colonies are deWned on the basis of the area they occupy ("patches"), changes in colony size are equivalent to changes in density in the patch, as the area corresponding to a given colony remained largely unchanged during the study period. For each colony linear and quadratic relationships between density and fecundity were analysed using the Curve Estimation module in SPSS. Data on all colonies were then pooled together to construct a General Linear Model using the GLM module in SPSS, with density as a continuous covariate and colony as a Wxed factor. We used the Kruskal-Wallis test to compare the densities attained in the diVerent colonies.
Both within-patch relationships between density and fecundity, and temporal trends in fecundity for the whole population, were evaluated using the following parameters: clutch size (number of eggs laid by each pair; only pairs with complete clutches were considered); brood size (number of hatchlings per pair; only pairs with at least one hatchling were considered); productivity (number of Xedglings per pair); hatching rate (percentage of hatchlings per egg laid by each pair); Xedging rate (percentage of Xedglings per hatchling); and percentage of Xedglings per egg laid by each pair. In order to quantify trends in the performance of birds in the upper and lower extremes of the distribution of productivity, temporal trends in the upper and lower quartiles were also explored.
Results
Between 1981 and 2001 the population size increased exponentially, and has remained stable since then (Fig. 2, Table 1) . A marked increase in the area occupied by the population was simultaneously observed, from less than 5 km 2 in 1981 to 1,052 km 2 in 2004.
Behavioural processes inXuencing demography
The costs and beneWts of conspeciWc presence were explored by assessing demographic trends throughout the population expansion. At the population level, no temporal trend was observed in any of the measures of fecundity we analysed (P>0.29 in all cases; Table 1 ). The same is true at the colony level. Although marked increases in density with time were observed in three of the four colonies studied in detail (Fig. 3) , none of the breeding parameters analysed showed a signiWcant relationship with density ( Table 2 ). The lack of signiWcant linear or quadratic relationships does not provide direct support for any of the behavioural models. In contrast, although there was no temporal trend in the productivity of the 25% of the population experiencing the lowest productivity (rho=¡0.30, n=15, (Fig. 4) . Actually, only for hatching rate (rho=0.74, n=15, P=0.002) and productivity (rho=0.56, n=15, P=0.031) did diVerences among pairs (i.e., CV) increase with time (P>0.15 in all other cases; Table 1 ). Both hatching rate and productivity are, however, highly correlated (rho=0.76, n=15, P=0.001).
Patch colonisation
Across the four colonies studied in detail, signiWcant diVerences in the maximum density attained were observed ( 2 =16.16, df=3, P<0.001). However, no diVerences in fecundity were observed (Table 2) , suggesting that some patches allow reproductive output to remain high over a wider range of optimal densities. Figure 5 shows the population increase observed in each district and the sequential colonisation of new patches. Fluctuations in densities in occupied patches probably reXect year-to-year changes in food availability and climatic conditions. 
Discussion
Despite an abrupt stabilisation in population size after a 20-year-long period of exponential increase, we did not observe declines in any of the measures of fecundity we evaluated. This is probably because, together with the increase in size, the population has undergone a remarkable spatial expansion. DiVerences among pairs in hatching rate and productivity increased with time, but no temporal trends were observed in the other four parameters evaluated. Both are highly correlated and, as clutch size remained constant throughout the study period, it seems reasonable to assume that the increment in the variability in productivity is actually a consequence of the increment in the variability of hatching rate. Variation in hatching rates may be the result of several factors, such as diVering levels of predation or diVerences in environmental conditions or individual experience (e.g. Arcá and Sammuri 1983; Viñuela 1993; Corbacho et al. 1997; Sergio and Newton 2003) . However, the fact that hatching rate variability increased while the mean value remained constant indicates that the temporal trend in variability is not only the result of the fecundity of some pairs having decreased, but also of the fecundity of others having improved. This is supported by the observation that while the percentage of unsuccessful nests increased with time (Limiñana et al. 2006 ; see Fig. 4 ), average productivity remained constant. While the low productivity of some pairs may be a consequence of those birds being forced to locate in poor-quality sites (and possibly be more exposed to predation), the improvement in the conditions experienced by others may be a consequence of, for example, a larger number of pairs in the patch decreasing the likelihood of nests being predated (e.g. Arroyo et al. 2001; Serrano et al. 2005) . Indeed, the productivity of the most productive fraction of the population increased with population size (Fig. 4) .
These observations do not support the predictions based on the classic ideal free and ideal despotic distributions (as fecundity did not decrease with an increase in density), but are rather in line with predictions that take into account the Allee eVect. This is reinforced by the fact that no relationship between density and any of the reproductive parameters analysed was observed at the colony level, suggesting that, in our study area, the relationship between fecundity and density is not linear and monotonic, as classic models suggest. The sequential pattern of patch colonisation observed is also in line with predictions based on the Allee eVect; while the population has expanded geographically, probably many suitable patches have not been colonised yet, but density in the occupied patches has increased signiWcantly and stabilised at intermediate levels with no decline in fecundity.
Although Fernández et al. (1998) suggest that the distribution pattern of social breeders is most likely shaped by interference (and hence better described by the ideal free distribution), this does not seem to be the whole story here. Actually, the abrupt stabilisation in population size we observed might suggest that individuals simply chose sites at random, with the net rate of population increase remaining stable until all territories were full, and then declining abruptly (Hawkins and Berryman 2000) . However, this is not supported by our observations on individual fecundity, as many individuals experienced increasing fecundity as population size increased, which is not expected if birds choose sites at random unless they simultaneously beneWt from the presence of conspeciWcs. Hence, we suggest that in our study area the stabilisation is a consequence of the interplay between Allee and buVer eVects: the maximum number of individuals a patch can sustain is determined by patch quality, but the density of conspeciWcs in the occupied patches determines whether a new patch is colonised or not, and both density in occupied patches and the number of occupied patches determines population size. However, the factors inXuencing the decision of whether to colonise a new patch or settle in an occupied one need not be the same as those inXuencing the decision of which one of the unoccupied patches to colonise (actually the order of colonisation may even be random, or inXuenced by other factors such as the distance to other occupied patches). Hence, while site quality and conspeciWc density play a key role in the Wrst case, other factors may be more important in the second one (including considerations regarding whether site quality is public information or not), and thus, which patches have been colonised, and the order in which they were colonised need not reXect their quality. In such a scenario, fecundity may not decline noticeably until all suitable patches within reach are colonised and reproductive output starts to decline because of crowding, but patch colonisation will occur sequentially, as unoccupied patches are not colonised until occupied ones start to become crowded.
As described in Fig. 6 , we suggest that the relationship between fecundity and density can be divided into four stages in colonial breeders: an initial stage where fecundity increases with density, a second stage where fecundity remains relatively stable (D optimal ), a third stage (O) where fecundity decreases with density but it is still higher than that of a pair breeding alone, and a fourth one (C) where only the negative eVects of density are observed (i.e., classic density-dependence). During the second stage (D optimal ), individual reproductive output is highest (i.e., R 0 is maximum), so from an individual perspective density is optimal.
In an expanding population, this means that irrespective of the quality of the unoccupied patches available, individuals are not expected to settle in unoccupied patches until density in the occupied patches is above optimal (with the range of optimal densities depending in turn on patch quality). Furthermore, individuals are expected to keep on settling in occupied patches even when the optimal density has been exceeded and fecundity has started to decline (O). Only when the fecundity experienced is lower than that experienced in unoccupied patches (i.e., density is higher than L), are the newcomers expected to settle in these patches (see Fig. 6 ). However, once the Fig. 6 A non-linear relationship between fecundity and density in colonial breeders. F max indicates the maximum number of oVspring that an individual can produce on average under ideal conditions in a given site. Fecundity initially increases with density and then declines. DiVerent rates of change in fecundity are possible, only two are shown: rapid (dotted line) and moderate (continuous line). D 1 indicates a density of one pair and F 1 the fecundity of a pair breeding alone. K represents the carrying capacity of the site, and Min the fecundity at K. D optimal (represented by the hatched band) indicates the range of densities at which F max can be attained. Above that density, sites are supersaturated. Before they reach K, two diVerent phases can be distinguished: O (overshoot), which represents the range of densities at which the mean fecundity experienced by individuals is lower than optimal but still higher than in unoccupied sites, and C (classic density-dependence), where no advantage due to conspeciWc presence is obtained, and only the negative eVects of density are experienced. L represents the limit between these phases. Once L has been reached in a site, and if there are still unoccupied sites available nearby, newcomers will do better by settling somewhere else than in the supersaturated site. The phase C is expected to be reached only when all reachable sites in the region are supersaturated up to L. The shaded area indicates the population sizes at which negative eVects of density are experienced Wrst individuals have settled in a patch, the advantages of occupying a patch where density is above optimal will start to decline and the disadvantages will subsequently become increasingly larger than occupying patches with sub-optimal density. Hence, as far as patches with sub-optimal density (or empty) are available, density in the occupied ones is not expected to elevate beyond L.
This spatial dynamics may explain (at least partially) the observed stabilisation in our study area. Once the density in the occupied patches approached L, and as far as there were still suitable patches available in nearby Catalonia (as described in Materials and methods), newcomers probably experienced better conditions settling in those unoccupied patches, than in occupied patches within our study area. Hence, we suggest that the stabilisation we observed is actually a consequence of our scale of analysis (i.e., us monitoring just a fraction of the actual breeding population-see Camus and Lima 2002) . At a regional scale the population is still increasing, but it is currently stable in the area we studied, which may actually be operating as a source of individuals for other areas (see Murdoch 1994) . Only when all suitable patches in the region have been colonised and Wlled to a density close to L, should fecundity start to decline noticeably (see Fig. 6 ). Thus, the temporary stabilisation we observed is probably a result of changes in demographic parameters that stem from the interplay between buVer and Allee eVects, with the suitability of a site being not simply a function of its quality in terms of resources and environmental conditions, but a more complex function of the number of conspeciWcs in a site and site quality.
